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Abstract
In spite of attention devoted to molecular mechanisms of apoptosis, the details of functioning of one crucial component - the Bcl-
2 apoptotic switch - are not completely understood. There are two competing mechanisms of its internal working - the indirect
activation and the direct activation. In the absence of conclusive experimental data, we have used computational modeling to assess
the properties of both mechanisms and their suitability to act as a biological switch. Since the two mechanisms form opposite
poles of continuum of Bcl-2 molecular interaction models, we have constructed more general model including these two models
as extreme cases. By studying relationship between model parameters and steady-state response we have found optimal interaction
pattern which reproduces behavior of Bcl-2 apoptotic switch. Our results show, that stimulus-response ultrasensitivity is negatively
affected by spontaneous activation of Bcl-2 effectors. We found that ultrasensitivity requires effector’s activation, mediated by
another subgroup of Bcl-2 proteins - activators. We have shown that the auto-activation of monomeric effector forms provides
an ultrasensitivity enhancing feedback loop. Thorough robustness analysis revealed that the interaction pattern postulated in the
direct activation hypothesis is able to conserve stimulus-response switching characteristics for wide range changes of its internal
parameters. The robustness of the switch against the variation of the reaction parameter is strongly reduced for the intermediate
hybrid model and even more for the indirect part of the models. Computer simulations of the more general model presented here
suggest, that stimulus-response ultrasensitivity is an emergent property of the direct activation model that is unlikely to occur in the
model of indirect activation. Introduction of indirect-model-specific interactions does not provide better explanation of the Bcl-2
switch functionality compared to the direct model.
Keywords:
programmed cell death, apoptosis, ultrasensitivity of biological regulatory network, Bcl-2 family of proteins, robustness analysis
of biological switch
1. Introduction
Apoptosis, the most known form of programmed cell death,
has been observed and studied for more than century [1]. As
a physiological mechanism, important for the survival of mul-
ticellular organisms, apoptosis plays fundamental role in em-
bryogenesis, tissue formation and homeostasis [2, 3]. Prolif-
eration and apoptosis form two opposite sides of the control
of optimal number of cells, so it is no surprise, that defects
of apoptosis regulation are at the core of numerous diseases,
including cancer, autoimmunity and neurodegenerative disor-
ders [2, 1]. Accumulated research showed, that apoptosis is re-
markably complex and tightly regulated process, starting hours
before observable characteristic morphology changes and ge-
nomic destruction process. Apoptosis may be initiated by mul-
titude of triggering events, originating from both within the
cell and the extracellular signals [4]. These signals are pro-
cessed through multiple signaling pathways, leading eventually
the cell toward internally driven progressive cellular disassem-
bly [4].
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Major part of the known apoptotic signaling events con-
verge to mitochondria, where they may cause rapid permeabi-
lization of the outer mitochondrial membrane [5, 6]. Mito-
chondrial outer membrane permeabilization (MOMP) is con-
sidered to be crucial event in the course of apoptosis, as
a discrete event which leads to the simultaneous release of
the several pro-apoptotic factors, including cytochrome-c and
Smac/DIABLO [7, 8] to the cytosol. Cytosolic cytochrome-
c then associates with other cytosolic pro-apoptotic factors,
such as the adaptor protein Apaf-1, to form Apoptosome
complex [8, 9]. Apoptosome accelerates pro-apoptotic pro-
cesses by recruiting and activating pro-forms of initiator cas-
pases (Caspase-9), which in turn proteolytically activate ex-
ecutioner caspases (Caspase-3, Caspase-7) [10]. Executioner
caspases are proteases with hundreds of known protein tar-
gets [11], responsible for microscopically observable disas-
sembly of cell. This mechanism is assisted by the simultane-
ous Smac/DIABLO inhibition of the apoptosis inhibitors IAPs,
which act normally as suppressors of caspase activities. Mito-
chondria thus play crucial role by sensing and integrating dif-
ferent apoptotic signals and processing them into eventual out-
come represented by MOMP event.
Growing evidence demonstrates, that such processing is in-
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volving proteins of Bcl-2 family [12, 13], where Bcl-2 family
includes both pro- and anti-apoptotic members. Structurally,
Bcl-2 family of proteins can be categorized according to the
number of Bcl-2 homology domains (BH) in their α-helical re-
gions [14, 15, 16]. Four BH domains (BH1-4) are characteristic
for anti-apoptotic members of the family, such as Bcl-2 itself,
Bcl-xL and Bcl-w [16]. Anti-apoptotic members of the family
prevent MOMP event and protect cells from a wide range of
cytotoxic impacts [15]. Pro-apoptotic members lack the fourth
BH domain (BH4) and can be further divided to BH3-only
proteins and multidomain proteins [15, 13]. BH3-only pro-
teins, such as Bid, Bik, Bim, Bad, Noxa and PUMA can be
activated by multiple pro-apoptotic signals and cytotoxic con-
ditions, including cytokine deprivation or DNA damage [17].
Multidomain Bcl-2 proteins such as Bax, Bak and Bok are also
termed as ’effectors’. Once activated, multidomain Bcl-2 pro-
teins oligomerize and form pores in mitochondrial outer mem-
brane (MOM). Thus formed mitochondrial apoptosis-induced
channels (MAC) permeabilize mitochondrial outer membrane
and lead eventually to MOMP event [18, 12, 19, 20]. The oc-
curence of MOMP event is thus dependent on interplay between
these three groups of Bcl-2 family.
Several experimental studies [21, 22, 23, 24, 25] found
that while the time delay between the application of apop-
totic stimulus and the onset of MOMP event is dependent on
the type and/or the intensity of the apoptotic stimulus, the ki-
netics of MOMP event itself remains remarkably stable and
MOMP occurs very rapidly on time scale of few minutes. Reg-
ulatory mechanism of such behavior was later described in
terms used in electro-mechanical engineering as snap-action,
variable-delay switch [26, 27, 28]. This type of switching be-
havior was attributed to caspase-induced steady state bistabil-
ity and extensively studied [29, 30, 31]. However, accord-
ing to Goldstein et al., switching properties of MOMP regu-
lation are independent of caspase related events downstream of
MOMP [32].
The coordinated activity of the Bcl-2 family proteins leading
to the MOMP event is commonly denoted as Bcl-2 switch [13,
33]. Although the general features of the Bcl-2 switch are
known, the detailed mechanism in terms of interactions be-
tween the individual members of the family remains open ques-
tion. It is not generally agreed, which interactions are substan-
tial for the induction of MOMP. It is not clear, whether the BH3-
only proteins are able to activate multidomain effectors, such as
Bax and Bak directly, or whether they act indirectly, through
neutralization of Bcl-2 anti-apoptotic sentinels [17, 34, 33].
Closely related question regards the mechanism, by which the
anti-apoptotic proteins inhibit the activity of effectors. Do they
bind non-activated Bax/Bak or do they bind and neutralize al-
ready activated Bax/Bak? [17, 34, 33].
The answers on above posed questions depend on quantita-
tive details and in the absence of direct experimental observa-
tions, mathematical modeling and computational simulations
might not only help to elucidate the outcomes of various sce-
naria, but also to design such experiments. Bcl-2 apoptotic
switch has been modeled at various levels of details and un-
der various scenaria. In works of Bagci et al [31], Albeck et
al [26] and Harrington et al [35] the Bcl-2 mediated regulation
of MOMP is included as a part of larger, more general model
of apoptosis. In these models, only direct activation of effec-
tors is considered, while the indirect activation mechanism is
absent. It should be noted, that these models, most notably the
model of Albeck [26], in spite of absence of indirect activation
mechanism, do provide very plausible results.
More detailed models, focused solely on Bcl-2 apoptotic
switch are subject of work of Chen et al [34] and Cui et al [33].
In the work of Chen et al the direct and indirect models are
compared with regard to robustness of the model toward ultra-
sensitivity and the direct model is found as more plausible. In
the work of Cui et al., steady-state bistability is used as the eval-
uation criterion. The direct model is enhanced by introduction
of additional auto-activation of effectors. Both direct and in-
direct models were found capable of bistability, although the
enhanced direct model was evaluated as the most stable. The
study of the bistability in the Bcl-2 apoptotic switch was later
expanded by Sun et al [27]. The results of works of Cui and
Chen suggest that the direct activation of effectors provides bet-
ter explanation of switching properties of Bcl-2 mediated regu-
lation of MOMP.
However, abovementioned works did not explore other pos-
sible scenaria. There exist the possibility, that both direct
and indirect mechanisms of activation of effectors may be
at work simultaneously. In addition, anti-apoptotic proteins
might bind effectors before their activation, while the same
proteins may neutralize the already active forms. Moreover,
current models also simplify the process of MAC formation to
dimer [31, 35, 33] or tetramer [34, 26] stage, while experimen-
tal work of Martinez-Caballero et al [36] shows that the MAC
channel comprising of at least six Bak/Bax monomer units must
be formed before the proapoptotic factors are released.
In the presented work we combined all characteristic interac-
tions of direct and indirect models into the one, hybrid model
(HM). While the idea of combining direct and indirect mod-
els has been discussed previously [37, 38], it has been never
examined, whether such hybrid model could provide better ex-
planation compared to the existing models and/or whether such
model gives rise to new system properties due to inclusion of
new interactions. We have investigated comprehensively the
importance of individual interactions between particular roles
of the individual members of the Bcl-2 family in relation to de-
sirable switching properties. In addition, we provide here more
realistic model of MAC formation via oligomerization of effec-
tors.
1.1. Mathematical model and its biological relevance
In order to reduce the overall complexity of the model, while
preserving the fundamental features of the Bcl-2 family mem-
bers, our model contains only typical members of the fam-
ily representing whole class of the Bcl-2 proteins with similar
functionalities. Anti-apoptotic family members, such as Bcl-
2, Bcl-w, Bcl-xL and Mcl-1 [39, 16] are represented by Bcl-2.
Pro-apoptotic Bcl-2 family members are grouped according to
their BH domains structure. The effectors - members contain-
ing multiple BH domains, such as Bax and Bak [17, 16, 39], are
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represented by Bax. BH3-only members of Bcl-2 family - Bid,
Bim, Bad, Bik, Noxa, PUMA and others are represented by Act
(Activators), as they are assumed to interact with effector pro-
teins and to induce their activation.
Bcl-2 family of proteins can be thought as biological mecha-
nism processing multitude of input conditions and signals into
a single output signal - permeabilization of the mitochondrial
outer membrane, where the activation of effector molecules
leads to the permeabilization itself [7, 40, 41, 42]. Incoming
signals include (but are not restricted to) truncation of Bid by
Caspase-8 and activation of other BH3-only proteins due to
diverse cytotoxic conditions, such as cytokine deprivation or
DNA damage [15, 43].
Input signals are represented in our model by single input
stimulus E, converting activator Act into an active form Act–a (
reaction 1):
1. Act
E−→ Act–a
Inhibition of the effector protein Bax by anti-apoptotic Bcl-2
proteins is essential feature of the Bcl-2 apoptotic switch. Our
hybrid model contains both paths to Bax inhibition. The reac-
tion 2 represents the binding to inactive Bax, while the reac-
tion 3 represents the reversible neutralization of the active form
Bax–a.
2. Bcl-2 + Bax
 Bcl-2∼Bax
3. Bcl-2 + Bax–a
 Bcl-2∼Bax–a
Active form of Act, Act–a, also reversibly binds anti-
apoptotic Bcl-2, leading to their mutual neutralization (reaction
4) [44, 45].
4. Bcl-2 + Act–a
 Bcl-2∼Act–a
Act–a, in addition, can release both Bax (reaction 5) and Bax–
a (reaction 6) from their complexes with Bcl-2 by competitive
binding [46, 43]. Bax and Bax–a also compete to form the com-
plex with Bcl-2 (reaction 7).
5. Bcl-2∼Act–a + Bax
 Bcl-2∼Bax + Act–a
6. Bcl-2∼Act–a + Bax–a
 Bcl-2∼Bax–a + Act–a
7. Bcl-2∼Bax–a + Bax
 Bcl-2∼Bax + Bax–a
In the hybrid model, two alternative routes to Bax activation
are included. Spontaneous activation (reaction 8) and Act–a
mediated activation (reaction 9) [47, 48, 49, 45]. Reaction 10
accounts for spontaneous conformational change suppressing
the activity of Bax–a.
8. Bax→ Bax–a
9. Act–a + Bax→ Act–a + Bax–a
10. Bax–a→ Bax
Today it is well documented, that an activation of effectors re-
sults in MAC channel formation [10]. Martinez-Caballero and
colleagues showed by patch-clamping experiments on mito-
chondria, that MOMP is caused by the formation of MACs [36].
The formation and growth of the MACs was characterized as
step-wise sequential recruitment of the active Bax and/or Bak
monomers. In accordance with these findings, we have mod-
eled the assembly of MAC channels in the incremental growth
of homo-oligomers constituted from monomeric Bax–a units
(reactions 11 and 12).
11. Bax–a + Bax–a
MAC2
12. Bax–a + MACi 
MACi+1
The minimal size of oligomers, necessary for functional MAC
channel was shown to be 6 monomer units per channel. The
typical size of the MAC channel is found to be around 9
monomer units [50, 51, 36]. According to our simulations,
the biological relevance is diminishing with growing number
of monomers. We have verified that further growth of oligomer
size does not influence qualitatively the results of this work.
Thus in our simulations we limited the size of the MAC chan-
nel to maximum of 20 units.
In addition to the above reactions, all compounds are sub-
ject of continuous degradation (reaction 13). Bcl-2, Bax and
Act are at the same time produced at the rate balancing their
degradation flows (reactions 14-16).
13. (All)→
14. → Bcl-2
15. → Bax
16. → Act
All the reactions were modeled using mass action kinetics.
1.2. Initial concentration and reaction rates
Initial concentrations of particular species have been esti-
mated in accordance with experimental data published in lit-
erature [12, 52, 53, 34]. Concentrations of representatives of
anti-apoptotic Bcl-2 and effector proteins (Bcl-2 and Bax, re-
spectively) are reported in the range of hundreds of nanomols,
concentrations of effectors being two times higher than concen-
trations of Bcl-2 [12, 34]. Concentrations of BH3-only proteins
(denoted Act in our model) are much lower, in range of 1-20
nanomols [52, 53]. All concentrations are summarized in Table
1.
The binding rates of activators and anti-apoptotic Bcl-2 pro-
teins have been estimated from corresponding dissociation con-
stants Kd published in literature [54, 55] assuming reverse reac-
tion rate 10−3s−1. The remaining reaction rates (characterizing
the binding of activated and non-activated Bax by anti-apoptotic
Bcl-2 proteins, the direct activation of Bax and its inactivation)
have been transferred from previous models [34, 56, 33]. The
degradation rate of all species was set to corresponding half-life
time t1/2 of 180min. Production of inactive Bax, Act and Bcl-2
proteins was modeled by zero-order reactions parametrized to
balance degradation rates under initial conditions (Tables 2 and
3).
The values of input stimulus E was set from 10−4 to
10−1min−1. These values correspond to outputs of Bid trun-
cation due to catalytic activity of Caspase-8, reported to be
∼ 106M−1·s−1 [26], assuming the number of molecules of active
Caspase-8 within the range 100 - 103 molecules per cell [29].
1.3. Reduction of the hybrid model to models of direct and in-
direct activation
The hybrid model constructed above allows to browse con-
tinuously the space between the two hypotheses regarding the
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internal mechanism of the Bcl-2 apoptotic switch. By setting
the reaction rates ki and ks to zero, the hybrid model is reduced
to the model of direct activation. In turn, setting the ki1 and kc
to zero, the hybrid model reduces to the indirect one. In sec-
tion 2.3 we compare the hybrid model with its reduced direct
model (DM) and indirect model (IM) alternatives.
1.4. Implementation details
All models, i.e. hybrid model, as well as its reduced direct
and indirect variants were expressed in the CMDL (the Chem-
ical Model Definition Language [57]) as well as SBML (the
Systems Biology Markup Language [58]) format. The more
common SBML format of the models is provided in Supple-
mentary material of the article. All simulations were done us-
ing CMDL/SBML ODE solver (ODEtoJava-dopr54-adaptive)
provided within the Dizzy - Chemical kinetics simulation soft-
ware [57]. Analysis of bistability (section 2.2) was performed
using Pysces [59].
2. Results
Cellular switches, such as the Bcl-2 apoptotic switch are con-
verting continuous incoming signals into two mutually exclu-
sive outputs. Their role in cell signal processing is to ensure un-
ambiguous transition between two different cellular states [60].
One of the necessary requirements for such behavior is the
ultrasensitive response to input signal [61, 62, 60]. Systems
with ultrasensitive responses are defined as systems with re-
sponse to stimulus more sensitive than that of hyperbolic sys-
tem, i.e. the system described by the Michaelis-Menten equa-
tion [63, 64, 60]. Thus, the ultrasensitivity can serve as useful
criterion of suitability of different variants of interaction models
between the members of Bcl-2 family, forming together apop-
totic switch. To quantify the sensitivity of particular model,
we used the approach first proposed in the work of Legewie et
al. [64] (Brief summary can also be found in Appendix). In the
role of reference response, we have adopted the relative am-
plification coefficient, normalized to Michaelis-Menten (hyper-
bolic) response. Models with particular parameter setup ex-
hibiting relative amplification coefficient nR higher than unity
were classified as ultrasensitive, in agreement with criterion
used in [64].
The switching behavior of the Bcl-2 mediated MOMP was
documented by several experimental studies [21, 22, 23, 24,
25]. In these studies, most of the response was quantified by
measurements of the kinetics of release of pro-apoptotic factors
from mitochondrial intermembrane space and/or the measure-
ments of the kinetics of change of mitochondrial transmem-
brane potential. In recent modeling works [34, 33], the re-
sponse of the Bcl-2 apoptotic switch is monitored by the mea-
sure of relative activity of Bax/Bak. In the actual work, we have
adopted different measure, namely the MAC impact on the per-
meability of outer mitochondrial membrane. In particular, we
have quantified the response as the sum of contributions of in-
dividual MAC channels comprising of more than 6 monomeric
units, with contribution weights proportional to their degree of
oligomerization(equation 1). The number 6 reflects the mini-
mum number of monomers, required for the functional MAC
channel, while the degree of oligomerization accounts for the
experimentally observed increase of the permeability with the
growing MAC channel size [36].
Response =
20∑
i=6
i · MACi (1)
Stimulus-response curve obtained for the full hybrid model
and steady-state with reference parameters (as listed in Table 3)
are plotted in Fig. 2. The calculated values of relative amplifica-
tion coefficients nR ∼ 10−2 prove that under default parameters,
the hybrid model is strongly subsensitive.
2.1. Variations of pivotal parameters and their effects on sen-
sitivity
In order to investigate the robustness of the behavior of the
hybrid model model of Bcl-2 switch, we have evaluated relative
amplification coefficients as a function of variation of individual
reaction parameters ki, ki1, kin, kc, ks and ko from the reference
values listed in Table 3. The results (Fig. 3) demonstrate, how
dramatically can variation of single reaction parameter affect
the sensitivity of the model. The decrease of the parameter ks
(the spontaneous activation of Bax) 100 times against the ini-
tial value changes the relative amplification coefficient by two
orders of magnitude, turning subsensitive hybrid model into ul-
trasensitive one. Less pronounced is the influence of the pa-
rameter kc (characterizing the activation of Bax by Act–a) and
kin (the spontaneous inactivation of Act–a). The dependence
of sensitivity to parameter variation is monotonic for most of
the parameters. One notable exception is the non-monotonic
dependence of sensitivity on reaction parameter ki (the binding
of Bax by Bcl-2), for which the local maximum was found at
ki ∼ 12.0 × 10−6.
Although single parameter variation may reveal how system
properties depend on the value of chosen parameter in the vicin-
ity of an established model, it still provides limited view on the
properties of the model as a whole, due to interdependence of
multiple parameters. To get better understanding of the impact
of individual Bcl-2 protein interactions on the switching behav-
ior, more thorough analysis is needed. We have generated 2000
sets of randomly changed values of the reaction rates defining
the direct and/or indirect submodels, namely ki, ki1, kc and ks,
while keeping the rest of the parameters at their reference val-
ues. For each of such individual combination of parameters,
the relative amplification coefficient nR of the full hybrid model
was evaluated. The relative amplification coefficient nR for a
given parameter, averaged over the variations of the remaining
three parameters is depicted in Fig. 4.
As can be seen from the Fig. 4., the decrease of the param-
eter ks from the reference value yields on average increased
relative amplification coefficient. In case of the parameter kc,
the highest average amplification coefficient (nR average almost
0.8) was obtained for the parameter sets, in which kc varies be-
tween 17.8 and 31.6 of the initial reference value. No such
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apparent dependency was observed in the case of parameters
ki and ki1, where the mean relative amplification coefficient re-
mains approximately the same, regardless of the variation of
these parameters (data not shown).
Our results indicate that the spontaneous activation of effec-
tors (reflected in the parameter ks) adversely influences the sen-
sitivity of the hybrid model. On the other hand, activation of the
effectors by activators (parameter kc) seems to improve sensi-
tivity and thus switching behavior of the model. The findings
are unfavorable for the model of indirect activation, which re-
lies on the spontaneous activation of the effectors without an
activation through activators.
Taking into account the above findings, we have adjusted
the ks and kc parameters for the further work to 10−2 (ks) and
2.0 × 101(kc) of their initial values. In the next step, we have
investigated the influence of the details of effector inhibition on
the switching properties. The parameters ki and ki1 character-
ize the inhibition of the effectors before and after the effector
activation, respectively. The values of relative amplification co-
efficient as a function of simultaneous changes in both ki and
ki1 are depicted on Fig. 5. The sensitivity of the hybrid model
is only weakly influenced by the changes of ki and ki1 within
two orders of magnitude. The highest relative amplification co-
efficient is achieved when the value of parameter ki is reduced,
while the parameter ki1 is increased, indicating the importance
of the neutralization of active effectors by anti-apoptotic pro-
teins. The lowest relative amplification coefficient was found
when both parameters were reduced simultaneously.
2.2. Addition of the auto-activation of Bax
The experimental works of Ruffolo et al. [65] and Tan et
al. [66] provided evidence, that activated effectors Bak, as well
as Bax can positively influence the activity of non-activated Bak
and Bax, respectively. Such Bax/Bak auto-activation can en-
hance the activity of effectors, initially activated either spon-
taneously (as proposed in the hypothesis of the indirect acti-
vation) and/or by BH3-only activators (as is proposed in the di-
rect model). Such auto-activation forms positive feedback loop,
which can dramatically change the stimulus-response proper-
ties of the model. The inclusion of auto-activation mechanism
makes search for the ultrasensitive setup more difficult, there-
fore we have refrained to include this interaction in the initial
stages of the model construction. On the other hand, the addi-
tion of such positive feedback mechanism may increase the ul-
trasensitivity of the mechanism, or even lead to the emergence
of steady-state bistability [62].
At the recent state of knowledge, it is not known, whether
the auto-activation of Bax type effectors is mediated by the
monomeric or by oligomeric forms [37]. In existing models an
auto-activation mechanism was accounted mostly in the form
of an attachment of the inactive effectors into already oligomer-
ized pores [33, 67]. In the presented work we decided to in-
vestigate both possibilities. The auto-activation mediated by
monomeric effectors is modeled by the reaction auto1:
auto1: Bax + Bax–a→ Bax–a + Bax–a
while the auto-activation mediated through oligomerization was
modeled similarly to previous models [33, 67] as (reaction
auto2):
auto2: Bax + MACi →MACi+1
The auto-activation of Bax with kinetics described by the re-
action rate ka (reaction auto1) was added into the hybrid model
and the dependence of the relative amplification coefficient on
the value of ka has been examined. With increasing ka value,
the relative amplification coefficient rises, followed by steep de-
cline after the ka passes through certain threshold (see Fig. 6).
The introduction of positive feedback into an ultrasensitive
system and the consequences of such addition to steady-state
properties are thoroughly discussed in numerous works [68, 69,
70]. The emergence of bistability appears for the strength of
feedback exceeding some threshold value. We found similar be-
havior also in the considered hybrid model. Increasing the value
of ka amplifies the strength of the positive feedback, compress-
ing the intermediate part of the sigmoid response curve and
making it steeper and higher. As ka exceeds certain value, the
bistability emerges and the model turns into a ”toggle” switch
(see Fig. 7) [62]. Further increase of the ka value shifts the
bistable range out of the reasonable range of input stimuli. For
excessive values of ka, even basal levels of incoming stimuli
cause spontaneous permeabilization of the mitochondrial mem-
brane, which manifests in the Fig. 6 as the rapid drop of the
relative amplification coefficient.
In the next step, we have replaced the reaction auto1 by
the reaction auto2. We found the relative amplification coef-
ficient only slightly influenced by the variation of ka. This in-
dicates, that auto-activation mediated by oligomerized effectors
has only marginal effect on the sensitivity of the hybrid model.
2.3. Robustness analysis
All essential biological mechanisms should exhibit consider-
ably robust functionality against parameter changes [71], so that
the effects of environmental differences, polymorphism and/or
mutations can be compensated [72]. Biological switches,
amongst them the Bcl-2 apoptotic switch should preserve the
ultrasensitivity as their pivotal feature in spite of variation of
parameters.
To examine the robustness of the hybrid model, in the first
step we have adjusted the parameter setup in accordance with
the previous results, in order to obtain the desirable level of
sensitivity. The adjusted parameters are summarized in Table
4. To test the robustness of the model, we have measured the
relative amplification coefficient for multiple sets of reaction
rates (ki, ki1, ki2, kc, ks, kin, ko) and initial concentrations (Act,
Bax,Bcl-2).
Variation of parameters followed the methodology of Barkai
and Leibler [73] used also in some later works [72, 34]. The
modified set of parameters was created from the reference set
by multiplying each of the reference parameters by 10q, where q
is a random number taken from the Gaussian distribution (mean
= 0.0, variance = 1.0). Relative amplification coefficient of each
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such set was then plotted as a function of total parameter vari-
ation T , defined as the total order of magnitude of parameter
variation [73, 72, 34]
T =
np∑
i=1
∣∣∣∣∣∣ log10 pipi,re f
∣∣∣∣∣∣ (2)
where nP is the number of varied parameters, pi is the actual
varied parameter and pi,re f is the corresponding reference pa-
rameter before variation. Robustness was quantified by the ra-
tio of number of ultrasensitive responses to the total number of
tried parameter sets. Similar approach was used in the work of
Chen et al [34].
Such quantification of the robustness of the model in abso-
lute terms bears little meaning when standing alone, the ro-
bustness of the model needs to be compared with an alterna-
tive model and/or reference (provided such reference model ex-
ists). It needs to be remarked, that our model differs consider-
ably from the models of Chen et al., therefore the robustness of
these models cannot be directly compared. For our purposes,
it is meaningful to compare the robustness of the full hybrid
model with the reduced ones, describing the direct and indirect
activation. The details of the model reduction can be found in
the section 1.3.
Around 35% of the parameter sets (out of 3000 trials) yield
ultrasensitive response (see the scatter plot in Fig. 8). Most
of the utrasensitive responses (around 90%) occurred within
the moderate relative amplification coefficient (the values be-
low 2.5). As we reduced the hybrid model set into the indirect
one, none of the thousand trials yielded an ultrasensitive re-
sponse. On the other hand, as we turned the hybrid model into
the direct one, the fraction of sigmoidal response curves with ul-
trasensitive behavior raised to over 66%. Such behavior shows
that omitting the spontaneous activation of effectors improves
the sensitivity of the response and points to the beneficial effect
of inhibition of effector proenzymes.
While the ultrasensitive character of response against the
variations of the internal switch parameters is of direct impor-
tance itself, the biological functionality of the switch requires
probably also that the shape and the switching point of the re-
sponse curve (determining the thresholds and/or the timing of
apoptotic events) should be preserved too. Since the sponta-
neous activation of effectors and/or inhibition of their proen-
zyme forms may influence this important property, we have also
investigated the influence of the variations on the position of in-
flection point.
We took those parameter sets, which yielded relative ampli-
fication coefficients higher than one, and identified their inflec-
tion points as those points for which the slope of the response
curve reaches maximum. The statistical distribution of the in-
flection point coordinates shows wider spread of the values,
compared to the direct model. This indicates the direct model
preserves better the overall (quantitative) characteristics of the
switch (Fig. 9). For both models, the inflection point is ob-
served at the vicinity of 10% to 20% of the maximum (satu-
rated) value of the response. Taken together, we found that the
direct model is the one better preserving not only the ultrasen-
sitive behavior, but also the quantitative characteristics of the
switching threshold behavior.
3. Discussion
3.1. Steady-state ultrasensitivity originates from Bax/Bak acti-
vation by BH3-only activators, not from spontaneous acti-
vation
The aim of our modeling/simulation was to identify those in-
teractions between the Bcl-2 groups, which are responsible for
the emerging switching behavior. Single-parameter variations,
as well as simultaneous variations of multiple reaction rates re-
vealed interesting relations between the parameter setup and the
steady-state sensitivity of the hybrid model.
Based on the simulation results, we can conclude that spon-
taneous activation of effectors Bax/Bak play minor if any role
in the Bcl-2 switch. The neutralization of the already activated
effectors contributes to the switching behavior to much bigger
extent than the inhibition of their proenzymes. Taken together,
the direct activation mechanism gives rise to ultrasensitive re-
sponse, while the indirect one doesn’t.
3.2. Monomers mediated auto-activation of Bax/Bak can
strongly enhance ultrasensitivity of the Bcl-2 apoptotic
switch and may give rise of bistability
As reported in the work of Tan et al. [66], already activated
Bax may activate its non-active form. Similar finding was re-
ported for Bak in work of Ruffolo et al. [65]. The mechanism
of this auto-activation is still not fully understood, the auto-
activation might be mediated by monomers and/or by oligomer-
ized Bax/Bak. Such auto-activation of effectors is sometimes
referred as responsible for switching properties of Bcl-2 apop-
totic switch, although the relevance of such auto-activation has
been never examined.
Autocatalytic activation of Bax/Bak effectors forms positive
feedback loop, in principle capable to increase the sensitivity or
even lead to bistable behavior [69]. To model the influence of
such auto-activation on the switching properties, we have added
the positive feedback loop for both mechanisms and measured
the sensitivity of the switch as a function of variation of their
reaction rates.
The auto-activation mediated by oligomers has no significant
effect on the ultrasensitivity of the modeled system. In case of
monomers mediated auto-activation, within certain values of re-
action rate we observed rapid increase of sensitivity and emer-
gence of the bistability. Further increase of the ka values led to
sudden fall of the sensitivity. This is due to the withdrawal of
the bistable range of the stimulus-response curve from the rea-
sonable range of input stimuli. Overly strong auto-activation
may easily cause massive activation of effectors and - from bio-
logical point of view undesirable- high MOM permeability trig-
gered even by basal stimuli.
On the other side, the introduction of bistability through
monomeric auto-activation means that even the hybrid model
is able to manifest so-called toggle switch behavior [62]. In
toggle switch model, the steady state response switches from
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one state to another as the stimulus exceeds certain point. Since
there is no intermediate response between these two states,
bistable toggle switch differs from the ”pushbottom switch”
model which includes intermediate response (sigmoid stimulus-
response curves). Although bistability is not necessary for
switching behavior, according to Spencer and Sorger [28] it is
the most plausible framework for modeling of switching be-
tween two states. Hybrid model with an auto-catalytic activa-
tion mediated by monomeric effectors suits to this framework.
3.3. The direct model is more robust, compared to the hybrid
or indirect ones
The most comprehensive model was obtained upon addition
of the monomeric form of auto-activation into the hybrid model
and adjustment of reaction rates to obtain strongly ultrasensitive
response. The resulting hybrid model was then analyzed for the
robustness of switching behavior against variability of reaction
rates and initial conditions. Only 35% of trial sets describing
the full hybrid model preserved the desirable ultrasensitive re-
sponse, while the restricted direct mechanism model was found
much more robust, with 66% of trial sets yielding the right
switching behavior. The hybrid model failed to provide ultra-
sensitive behavior completely. The results of such perturbation
treatment indicates, that the spontaneous activation of the effec-
tors and their preventive inhibition has detrimental effect on the
ability to keep the switching behavior under naturally occurring
perturbations.
An additional support for the direct model comes from the
analysis of the ability to preserve the stimulus-response de-
pendence also quantitatively. We have hypothesized that the
spontaneous autoactivation and the inhibition of the effector
proenzymes might increase the model’s ability to conserve the
stimulus-response dependence. The distribution of the thresh-
old stimuli (characterized through inflection points on stimulus-
response curves) showed remarkably well preserved thresholds
for the direct model, while the hybrid model thresholds were
more susceptible to parameter variations, disproving the hy-
pothesis.
3.4. Indirect model interaction may provide some other system
properties, but not steady-state ultrasensitivity
Taken together, all results of this work point to following
conclusions: interaction pattern as described by the hypoth-
esis of indirect activation is very unlikely to give rise to the
switching behavior expected from the Bcl-2 apoptotic switch.
On the other hand, its alternative - the direct model - pro-
vides much more plausible explanation of the experimentally
observed functionality. The hybrid model, containing interac-
tion patterns from both models is less robust with respect to
ultrasensitivity, and seems to be less efficient provider of the
switching function.
Despite these conclusions related to steady-state ultrasensi-
tivity, we cannot completely rule out the indirect model inter-
actions. The requirements of ultrasensitivty suggest that indi-
rect model interactions, if present, must proceed at very low
rates, but these interactions still may exist and provide other
important system properties. Low rate spontaneous activa-
tion of effectors can make response to changing stimuli more
abrupt, while still preserving desirable steady-state ultrasensi-
tivity. This vulnerability to signaling noise at certain level of
affinity can be ameliorated perhaps by continuous binding and
inhibition of inactive effectors by anti-apoptotic proteins. These
considerations, however, need further examination. Therefore,
the study of transient system properties of the Bcl-2 apoptotic
switch is the aim of our further modeling work.
4. Acknowledgments
This work was financially supported by grants VEGA-
1/4019/07; APVV- 0449-07 and VVGS PF 12/2009/F. This
work could not be done without scholarships granted to Tomas
Tokar from National Scholarship Programme of the Slovak Re-
public and ”Hlavicka” scholarship from Slovensky plynaren-
sky priemysel a.s., whom we wish to thank for the support.
Tomas Tokar appreciate many valuable discussions with col-
leagues from Institute for Systems Theory and Automatic Con-
trol, University of Stuttgart, Germany.
5. Appendix
In metabolic control analysis, the response coefficient is de-
fined as steady state fractional change of the system response
∆X/X divided by fractional change of stimulus ∆S/S in limit as
∆S tends to zero [74, 75]:
RXS = lim
∆S→0
∆X/X
∆S/S
=
dlnX
dlnS
(A.1)
The global sensitivity is measured through relative amplifica-
tion coefficient using definition of Legewie et al. [64] as:
nR =
∣∣∣∣∣∣
fH∫
fL
RXS df
∣∣∣∣∣∣
∣∣∣∣∣∣
fH∫
fL
RXrS r df
∣∣∣∣∣∣
(A.2)
Where f is activated fraction defined as:
f =
X − Xmin
Xmax − Xmin (A.3)
fH and fL are margins of the activated fraction range and R
Xr
S r
is
the response coefficient of the reference response Xr, which can
be any monotonically increasing or decreasing function [64].
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Figure 1: Simplified scheme of the hybrid model used in this work (production
and degradation flows, MAC growth and reverse reactions are not depicted).
Reactions r1-r11 are numbered in accordance with the model description in
section 1.1.
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Figure 2: The stimulus-response dependence of the hybrid model using refer-
ence parameters listed in the Table 3. The response is normalized to one.
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Figure 3: Relative amplification coefficients of the hybrid model. On x-axis -
the variation of single reaction parameter (in inset) from the reference values
(Table 3).
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Figure 4: The distribution of the mean relative amplification coefficient for
the reaction parameters kc and ks. The averaging is done over the remaining
parameters chosen at random
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Figure 5: Dependence of relative amplification coefficient on simultaneous
variation of reaction parameters ki and ki1. Parameters ki/ki1 are the reaction
rates of binding and inhibition of inactive/active effectors by their anti-apoptotic
relatives.
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Figure 6: Dependence of relative amplification coefficient on the variation of re-
action rate of Bax auto-activation. Black line corresponds to the auto-activation
mediated by monomers (as described by reaction auto1), gray line corresponds
to the auto-activation mediated by oligomerized Bax (reaction auto2).
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Figure 7: Steady-state stimulus-response dependencies of the HM with addi-
tion of the auto-activation (auto1). Curves, from right to left correspond to ka
values 1.5×10−6, 1.6×10−6, 1.7×10−6 and 1.8×10−6. As ka value exceeds cer-
tain threshold, bistability emerges. Further strengthening of the auto-activation
expands the bistable range and shifts this range to the left along the stimulus
axis. Overly fast auto-activation (ka > 1.97×10−6) makes model’s response to
basal stimulation (1.0×10−4) inadequately high.
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Figure 8: Scatter plots of relative amplification coefficient as a function of total parameter variation. Dots localized over gray dashed line correspond to randomly
generated parameter sets that yield ultrasensitive response, i.e. those with relative amplification coefficient higher than one.
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Figure 9: For each stimulus-response dependence yielding an ultrasensitive response (i.e. the sets represented by dots placed above gray dashed line in Fig. 8) we
have measured its threshold (inflection point at the stimulus response curve) stimulus and corresponding threshold response. Histograms show distribution of these
values.
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Species Initial concentration Notes & Ref.
# · cell−1 nM
Bcl-2 60 000 100 [12, 34]
Bax 120 000 200 [12, 34]
Act 6000 10 [52, 53]
Bax–a 0 0
Act–a 0 0
Bcl-2∼Bax 0 0
Bcl-2∼Bax–a 0 0
Bcl-2∼Act–a 0 0
MACi 0 0
Table 1: List of initial concentrations. Concentrations are listed as the absolute number of molecules per reference cell volume 1 pl as well as in more common units
- nanomols.
No. Reaction k+ k−
1. Act
E−→ Act–a E
2. Bcl-2 + Bax
 Bcl-2∼Bax ki kmi
3. Bcl-2 + Bax–a
 Bcl-2∼Bax–a ki1 kmi1
4. Bcl-2 + Act–a
 Bcl-2∼Act–a ki2 kmi2
5. Bcl-2∼Act–a + Bax
 Bcl-2∼Bax + Act–a ki ki2
6. Bcl-2∼Act–a + Bax–a
 Bcl-2∼Bax–a + Act–a ki1 ki2
7. Bcl-2∼Bax–a + Bax
 Bcl-2∼Bax + Bax–a ki ki1
8. Bax→ Bax–a ks
9. Act–a + Bax→ Act–a + Bax–a kc
10. Bax–a→ Bax kin
11. Bax–a + Bax–a
MAC2 ko kmo
12. Bax–a + MACi 
MACi+1 ko kmo
13. (All)→ kd
14. → Bcl-2 kpBcl-2
15. → Bax kpBax
16. → Act kpAct
Table 2: List of reactions and corresponding reaction parameters. Reversible reactions are listed with forward (k+ column) and reverse (k− column) reaction
parameters in the same row.
Param. Value Unit Notes & Ref.
ki 1.0×10−6 (1.0×104) cell·#−1 ·min−1 (M−1 ·s−1) (in direct) = 0, estimated
kmi 0.06 (0.001) min−1 (s−1) = kmi1
ki1 1.0×10−6 (1.0×104) cell·#−1 ·min−1 (M−1 ·s−1) (in indirect) = 0, estimated
kmi1 0.06 (0.001) min−1 (s−1) same as in [33]
ki2 1.0×10−6 (1.0×104) cell·#−1 ·min−1 (M−1 ·s−1) Kd .= 100nM [54, 55]
kmi2 0.06 (0.001) min−1 (s−1) same as in [33]
kc 1.0×10−6 (1.0×104) cell·#−1 ·min−1 (M−1 ·s−1) (in indirect) = 0, estimated
ks 0.06 (0.001) min−1 (s−1) estimated
kin 0.06 (0.001) min−1 (s−1) estimated
ko 1.0×10−6 (1.0×104) cell·#−1 ·min−1 (M−1 ·s−1) estimated
kmo 0.06 (0.001) min−1 (s−1) estimated
kd 0.0039 (6.5×10−5) min−1 (s−1) t1/2 .= 180 min, estimated
kpBcl-2 234.0 (6.4×10−12) #·cell−1 ·min−1 (M ·s−1) = Bcl-2init·kd
kpBax 468.0 (1.3×10−11) #·cell−1 ·min−1 (M ·s−1) = Baxinit·kd
kpAct 23.4 (6.4×10−13) #·cell−1 ·min−1 (M ·s−1) = Actinit·kd
Table 3: List of reference values of reaction parameters. By setting parameters ki1 and kc equal to zero, the hybrid model is reduced to the indirect one. Similarly,
the direct model can be obtained by setting parameters ki and ks of the hybrid model equal to zero. Production rates kpBcl-2, kpBax and kpAct have been set to
balance degradation of corresponding species under initial conditions.
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Param. Value Unit
ki 1.0×10−8 (1.0×102) cell·#−1 ·min−1 (M−1 ·s−1)
ki1 1.0×10−4 (1.0×106) cell·#−1 ·min−1 (M−1 ·s−1)
kc 2.0×10−5 (2.0×105) cell·#−1 ·min−1 (M−1 ·s−1)
ka 1.8×10−6 (1.8×104) cell·#−1 ·min−1 (M−1 ·s−1)
ks 6.0×10−4 (1.0×10−5) min−1 (s−1)
Table 4: List of adjusted values of reaction parameters. In order to obtain desirable level of ultrasensitivity, the listed parameters have been modified according to
results of previous simulations. The other parameters listed in the Table 3 remained unchanged.
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